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a  b  s  t  r  a  c  t
Cheap  ultrahigh  sensitivity  sensors  ﬁnd  many  applications,  hence  their  development  is  highly  desirable.
Here,  we  report  a novel  amperometric  gas  sensor  based  on  the  system  graphene–ionic  liquid–graphite
nanopowder  that we constructed.  Prepared  device  exhibits  response  of  90%  towards  2 ppm of  NO2 in
synthetic  air  and 40%  of  relative  humidity.  Short  response  time  of 40 s and recovery  time  of less  than  one
minute  was observed.  The  variation  of the  saturation  current  with  the  concentration  of the  analysed  gaseywords:
raphene
raphite nanopowder
onic liquid
O2 sensor
shows  a linear  dependence  in the  range  1–5 ppm  with  a slope  for the  calibration  curve  of  0.2  A/ppm.
Our  results  thus  show  that  graphite  nanopowder  can  be efﬁciently  used  in sensing  applications.
©  2015  Elsevier  B.V.  All  rights  reserved.raphene transistor
. Introduction
Because of their low-dimensional character and unique elec-
ronic structures, graphene and carbon nanotubes are extremely
ensitive to the surrounding environment. The ambipolar ﬁeld-
ffect, high mobility of charge carriers and low level of electrical
oise make graphene a prospective material for nanoelectron-
cs and sensors [1–3]. The applicability of graphene and carbon
anotubes in chemical sensors has been studied extensively [4–6].
raphene has already been successfully used in biosensing appli-
ations [7–9] and has the potential to ﬁnd employment in ﬂexible
lectronics [10–12] and strain sensors [13,14].
Gas sensing using electrical approaches has recently been
idely studied. Nomani et al. [15] employed epitaxial graphene
rown on the 6H-SiC for amperometric sensing of NO2 and they
eached a conductivity change of 2.25% towards 500 ppb of NO2
ith the response time of about 50 s. Yavari et al. [16] used CVD-
raphene for NO2 sensing and they observed change in sheet
esistance of about 10% towards 2 ppm with the response time of
bout 50 s. Ko et al. [17] obtained a response of 9% towards 100 ppm
f NO2 with the response time of about 300 s. Chung et al. [18] inves-
igated ozone-treated graphene in NO2 sensing and they observed
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925-4005/© 2015 Elsevier B.V. All rights reserved.17% resistance change towards 200 ppm with the response time
of about 40 s. They also compared their results with the pris-
tine graphene sensor, which showed just 9.1% resistance change
towards 200 ppm NO2.
Besides graphene, other nanostructured materials were used for
detection of NO2 at the room temperature. The best sensors can
detect NO2 down to 10 ppb. For example Zhang et al. [19] used
single and multiple In2O3 nanowire devices for detection of NO2
down to ppb levels. Das et al. [20] showed that organic ﬁeld-effect-
transistor based on amorphous PTA-OMe can detect 10 ppb of NO2
using a monitoring of threshold voltage of the transistor. McAlpine
et al. [21] demonstrated highly ordered nanowire arrays on plas-
tic substrates for ultrasensitive ﬂexible chemical sensors, which
detected 20 ppb of NO2 diluted in N2. Lazzerini et al. [22] studied
junction ﬁeld-effect-transistors with a mesostructured porous sili-
con extra gate experimentally and theoretically. Detection of NO2 in
the range of hundreds ppb in the synthetic air was  achieved. Sainato
et al. [23] fabricated chemi-transistor sensor based on composite
porous silicon/gold nanostructures as a sensing gate, which was
able to detect NO2 at concentrations 100–500 ppb in air. However,
most of the sensors suffer from long recovery time [19–23] and in
some case special treatment like vacuum [21], UV [19] or heating
[20] must be used. Also the lifetime of the sensors is typically only
few days [23].Although the detection principle of carbon based sensors is
still unclear, it is believed that gas molecules adsorb because of
a weak dispersive force to sp2-bonded carbon, meanwhile molec-
ular interactions dominate adsorption to the edges and defects
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high-energy adsorption sites). It has been shown that the number
f high-energy adsorption sites per unit area affects the adsorption
nthalpy of molecules [24]. Highly defective graphene obtained
y the reduction of graphene oxide was used for the detection
f low gas concentrations [25,26]. It was shown that the den-
ity of oxygen defects inﬂuences the sensor response. The use of
raphene ribbons, instead of ﬁlms, may  lead to enhanced response
s well because of the higher relative number of edge states [27].
lectrochemical analysis of CVD-graphene edges showed higher
urrent densities than those reported for the graphene surface [28].
n increased response of graphene chemiresistor was  observed
or graphene islands with an inner region of well-ordered car-
on atoms surrounded by outer regions of disorder near the edges
29]. It was also suggested that closed contour defects could be
ore efﬁcient than point and line defects for chemical sensing
hen operated in the electron-hopping regime. Therefore, a pos-
ible strategy to enhance sensing performance is to use graphite
anopowder (GNP) rather than graphene. GNP consists of graphite
rystal ﬂakes with a wide distribution of sizes. In principle, one
an assume it is a powder of multi-layer graphene ﬂakes of var-
ous lateral sizes and number of layers. Therefore, GNP contains
 high relative number of edges in comparison with single-layer
arge-area graphene.
For the proper functionality of the device, a smart and care-
ul choice of the material underneath the working electrode is an
ssential point. An ionic liquid in the form of a solid polymer elec-
rolyte was used for several reasons. Polymer electrolytes exhibit
onductivities in the order of mS/cm. The polymer in the solid elec-
rolyte contains a large number of ions and retains the mechanical
roperties of solid matter [30,31]. Within gas sensors, the ionic liq-
id acts as a layer into which the analysed gas diffuses [32–34]. It
as been shown previously that ionic liquids improve the perfor-
ance of gas sensors [35,36].
In this work, we report on a ﬁeld-effect transistor-based sensing
evice consisting of a CVD-graphene channel covered by a layer
f ionic liquid and GNP sensing layer. GNP was used as an active
ayer of the sensor leading to a response of 90% towards 2 ppm of
O2, a fast response time of 40 s and the recovery time less than
ne minute without any UV treatment, heating or evacuating. Fast
esponse of the proposed sensor device is presumably attributed to
he higher relative presence of edge states and defects in the active
ayer and the use of ionic liquid as a charge-transporting layer. Sen-
or also shows no signiﬁcant deviations from its performance even
fter more than one year of discontinuous operation.
. ExperimentalThe constructed device consisted of a graphene ﬁeld-effect
ransistor (GFET) covered by the ionic liquid (in the form of
olid electrolyte) and GNP as the working electrode (Fig. 1). The
Fig. 1. Image (left) and schematic cross-seators B 226 (2016) 299–304
sensor device was  used for gas-sensing experiments and ﬁeld-
effect measurements.
Graphene was grown by chemical vapour deposition (CVD) as
described elsewhere, e.g. [37] (see the Supplementary information
ﬁle for details of the process).
2.1. Treatment of substrates and electrodes
SiO2/Si p + + (double doped by boron) substrate with 300 nm
thick oxide was  functionalized with a self-assembled organic layer
of hexamethyldisilazane (HMDS, semiconductor grade PURANAL,
Sigma–Aldrich) using the CVD method. HMDS-functionalization of
the substrate was  used to reduce the electronic scattering induced
by the substrate and to enhance the mobility of charge carriers in
the graphene [38]. Moreover, the presence of HMDS decreases the
surface energy, makes the substrate hydrophobic and enables more
effective removal of water.
After functionalization of the SiO2 surface, electrodes (5 nm
Cr, 40 nm Au) were deposited by thermal deposition (TESLA
UP 858 Thermal coater). A shadow mask was used to pattern
the desired structures. Then, the surface of the electrodes was
functionalized with pentaﬂuorobenzene thiol (PFBT) (see the Sup-
plementary Information ﬁle for details of the process). Because
of its polar character, PFBT is capable of decreasing the Au work
function, and therefore favouring hole injection into the valence
band of graphene. PFBT functionalization also makes the surface
hydrophobic. Therefore, adhesion between graphene and modi-
ﬁed Au electrodes becomes signiﬁcantly higher. This enabled us
to deposit graphene directly onto modiﬁed Au electrodes.
2.2. Deposition of CVD-graphene, ionic liquid and graphitic
nanopowder for the GFET device
The CVD-graphene was  transferred onto the functional-
ized substrate (Si/SiO2/HMDS) with deposited electrode system
(Cr/Au/PFBT) using standard PMMA-supported wet transfer
[39,40].
The solid polymer electrolyte was  prepared using
poly(vinylidene ﬂuoride) (PVDF, Sigma–Aldrich) as a poly-
mer  matrix for ﬁxing the ionic liquid. N-Methyl pyrrolidone
(NMP, Sigma–Aldrich) was used as a solvent for PVDF. 1-Ethyl-
3-methylimidazoliumbis(triﬂuoromethylsulfonyl)imide ([C2
mim][NTf2], IoLiTec) was used as an ionic liquid. This ionic liquid
contains the imidazolium salt as a cation and triﬂuoromethane-
sulfonate as a weakly co-ordinating anion. The prepared ionic
liquid gel was  deposited onto the CVD-graphene and ﬁnally the
working electrode was  spread onto the dried ionic liquid using
the Air-Brush method (see the Supplementary information ﬁle for
details of the process).
ction (right) of the prepared device.
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Fig. 2. Raman spectra of CVD-graphene on Si/SiO2/HMDS (red) and graphiticV. Blechta et al. / Sensors and
.3. Characterization of graphenes and GFETs
Graphene samples on destination substrates were character-
zed using Raman spectroscopy (Raman spectrometer LabRAM HR,
ORIBA, Jobin-Yvon). The excitation wavelength of the laser was
33 nm (photon energy 1.96 eV). Scanning electron microscopy
SEM) images were captured on a Hitachi S-4800 with an
cceleration voltage of 5 kV. Electronic measurements were per-
ormed on a Keithley 4200 SCS (Keithley Instruments). Gold
ads were contacted using wolfram needles. I–V characteris-
ics were measured to observe the behaviour of graphene–metal
ontacts for various back-gate voltages. Transport characteris-
ics (Id–Ug) and gate-voltage-dependent capacitance of the gate
ielectric layer (Cg–Ug) were measured in back-gate and top-gate
egimes.
.4. Measurement of sensing response
The response of the device towards NO2 gas was  tested using
 shielded spherical vacuum chamber and PC-controlled mass
owmeters. Synthetic air was used as a base gas during NO2
ensing experiments. A controlled evaporation mixing unit was
mployed as a vaporizer to control the humidity in the cham-
er. Water vapour was introduced into the chamber to reduce
he inﬂuence of varying relative humidity in the environment.
n instability of the sensing response and a decreasing trend in
he current is expected for low levels of the relative humidity.
oreover, the presence of water in the ionic liquid increases its
lectrical conductivity [41]. The potential between the working and
rain electrodes was set to −250 mV  and the drain current was
easured to monitor the response of the sensor. The measure-
ent was carried out with a connected potentiostat. The source
lectrode was used as a pseudo-reference electrode. Back-gate
oltage and drain-source voltage were set to 0 V during mea-
urements of sensing response. The pulse function was  used to
uppress the heating of the sensor and leads. The characteristics
ere measured using a Keithley 2635A and tip probes with triaxial
eads.
The response of the prepared device towards NO2 was mea-
ured at a controlled temperature of 21 ◦C and relative humidity of
0%. The ﬂow rate was set to 500 ml/min. In the ﬁrst measurement,
he ﬂow of NO2 gas at a concentration of 2 ppm was switched on
nd off every 5 min  for a total of 10 cycles. In the second measure-
ent, the concentration of NO2 was swept from 0 ppm to 5 ppmnd back to 0 ppm with a step-like change of 1 ppm every 5 min. To
est long time stability we have repeated measurements of sensing
esponse every month and no signiﬁcant change in the response
as observed.
Fig. 3. SEM images of a GNP working electrode: snanopowder (blue); measured with excitation wavelength 633 nm. (For interpre-
tation of the references to colour in this ﬁgure legend, the reader is referred to the
web  version of the article.)
3. Results and discussion
3.1. Raman spectroscopy and SEM
Fig. 2 shows the Raman spectra of the CVD-grown graphene
and GNP. It is clearly visible that the sample consists of single-
layer graphene (the 2D-band full-width half-maximum ∼25 cm−1)
with a low density of defects (basically no D-band observable).
The position of the G-band wG and the 2D-band w2D indicate the
change in the level of the doping and/or the strain (wG ∼ 1593 cm−1;
w2D ∼ 2645 cm−1).
The position of the G-band is related to the shift of the Fermi level
[42–44], therefore we  estimated the level of the doping in terms of
the Fermi level shift by approximately 300 meV  [43], corresponding
to the induced electron concentration of about 1 × 1013 cm−2.
On the other hand, the Raman spectrum of GNP exhibits a sig-
niﬁcant D-band (centred at ∼1330 cm−1), which corresponds to
the existence of edges and/or disorder states, and the broadened
2D-band (centred at ∼2700 cm−1), which is a sign of multi-layered
graphene [45]. SEM images of GNP (working electrode) can be seen
in Fig. 3. The GNP is found to form isolated multi-layer ﬂakes with
geometrical features of tens of nanometres. The surface of the GNP
layer could be considered as a nanoporous material, which enables
an efﬁcient adsorption and diffusion of gas molecules.3.2. Field-effect measurements
Transport characteristics of GFETs were measured in the back-
gate regime; a typical curve is presented in Fig. 4a. The gate
cale bar is 10 m (left) and 500 nm (right).
302 V. Blechta et al. / Sensors and Actuators B 226 (2016) 299–304
Fig. 4. (a) Transport characteristics of GFET measured in the back-gate regime with
300  nm thick SiO2, Dirac point at 110 V, Uds = –10 mV,  Lchannel = 40 m.  (b) I–V char-
acteristics of the same device; different curves measured for various back-gate
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Fig. 5. (a) Transport characteristics of a GFET using an ionic liquid as a top-gate
dielectric layer; Uds = −10 mV, Lchannel = 40 m. (b) C–V characteristics of the same
device; UAC = 25 mV,  f = 30 kHz, Lchannel = 40 m;  solid lines are a guide for the eye.oltages; solid lines are a guide for the eye.
oltage modulates the conductivity of the channel. The ambipo-
ar behaviour of charge carriers in the graphene is observable; both
lectron and hole branches of conductivity regimes are separated
y the minimal conductivity point, also called the charge-neutrality
oint or Dirac point. One can see that the graphene is highly p-
oped. This fact is indicated by the shift of the Dirac point towards
ositive potentials (∼110 V), which corresponds to the shift of
he Fermi level [46] of (305 ± 14) meV. This value is in agreement
ith the Raman observations. The absence of an energy band-gap
s denoted by the on/off ratio of ∼2.5 [47]. Extracted ﬁeld-effect
obilities of charge carriers in the CVD-graphene reached values
f 1100 cm2/(V s). The ﬁeld-effect mobility  of charge carriers in
he graphene was calculated according to Eq. (1) from the slope of
inear parts of the Id–Ug curves [48].
 = L
W
dId
dUg
1
Uds
1
Cg
(1)
here L, W,  Id, Ug, Uds and Cg are the channel length, width, drain
urrent, gate voltage, drain–source voltage and gate capacitance,
espectively. The CVD-graphene contacts and the modiﬁed Au elec-
rode exhibited ohmic behaviour, except in the region −3 to +3 mV
Fig. 4b), where a non-linear behaviour is attributed to either the
chottky effect or tunnelling of electrons through the interfacial
lectrostatic bilayer (I–V curves displayed for positive voltages
nly).
Further, we investigated the ionic liquid as a dielectric top-gate
ayer for low applied voltages (Fig. 5a). The ionic liquid can be used
s a layer between the FET channel (CVD-graphene) and top-gate
lectrode (GNP) to modulate the conductivity of the channel via the
pplied gate voltage. Moreover, measurement of the gate-voltage-
ependent capacitance (Cg–Vg) was performed. A gate capacitance
t the Dirac point was approximately 350 pF/cm2 (Fig. 5b). Basedon the set of Id–Vg and Cg–Vg data, the mobility of charge carriers
in the CVD-graphene was calculated as 1040 cm2/(V s) [49], which
is in agreement with the value obtained from the back-gate FET
measurements.
3.3. Measurement of sensing response
To evaluate the performance of the sensor, we deﬁne response
R in terms of the change of the resistance according to Eq. (2),
R = R
R0
= R0 − RNO2
R0
= 1 − I0
INO2 ,
(2)
where I0 is the drain current corresponding to the sensor exposed to
air only, INO2 is the saturation current corresponding to the sensor
exposed to a certain concentration of NO2 and Ri are the respective
resistances.
To evaluate the kinetics of the adsorption and desorption of gas,
we deﬁne the response time 90 and the recovery time 10 of the
device. The response time 90 was calculated as the time that the
sensor was  exposed to NO2 until the level of the current reached
a value of 0.9(INO2 − I0) + I0. The recovery time 10 was calculated
as the time since the NO2 ﬂow was  shut off until the level of the
current reached the value 0.1(INO2 − I0) + I0.
The response of the prepared device towards NO2 is displayed
in Fig. 6a. Ten cycles of NO2 exposure in the concentration of 2 ppm
were run. In the ﬁrst 10 min, the measurement chamber was  ﬁlled
with air and water vapour only. Then, the ﬂow of NO2 was  set on
and off every 5 min. Large changes in the current were observed
when the sensor was  exposed to NO2. NO2 behaves as an electron-
withdrawing molecule. When it is adsorbed onto the surface of GNP
the concentration of electrons in GNP is decreased. Consequently,
the density of electrons in CVD-graphene is decreased. Because
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Fig. 7. (a) Response of the prepared device to the sweeping concentration of NO2. (b)
Calibration curve for the same device; red symbols are for concentrations sweeping
electron mobility in suspended graphene, Solid State Commun. 146 (2008)ig. 6. (a) Response of the prepared device to 10 cycles of 2 ppm of NO2. (b) Detail
f  the eighth cycle.
VD-graphene is highly p-doped, the major charge carriers are
oles (CVD-graphene is a p-type conductor), thus an increase in the
onductivity is observed. Consequently, we observed an increase
n the current every time when the device was  exposed to NO2
nd a decrease in the current when the ﬂow of NO2 was  shut off.
easured currents, when the sensor was exposed to NO2, INO2 are
ot saturated during the very ﬁrst cycles. The drain current INO2
ecomes saturated after the sixth cycle and remains saturated fur-
her, likewise. Thus, some aging of the device is required to ensure
hat the sensor is working properly with short response times.
or the 2 ppm concentration of NO2, we obtained the response
 = 90%, the response time 90 = (40 ± 2) s and the recovery time
10 = (54 ± 2) s. Time and response parameters were calculated
rom the eighth cycle, where the current INO2 was already saturated
Fig. 6b). The long term stability of the device has been tested, as
ell. We  have repeated measurement of sensing response every
onth for period longer than one year. No signiﬁcant deviations
rom measured data were observed.
In Fig. 7a, one can see the plot of the response of the device to the
weeping concentration of NO2, forwards ﬁrst and then backwards.
asically, no signiﬁcant hysteresis was observed. The response is
ery similar for sweeping forwards and backwards. This means that
lmost all of the molecules that adsorbed during the exposure of
O2 also desorbed after the ﬂow of NO2 was shut off. The calibration
urve of the sensor is displayed in Fig. 7b. The value of the saturation
urrent, when the device is exposed to the analyte, reﬂects the con-
entration of the target gas. The response of the saturation current
o the concentration of NO2 behaves linearly in the range 1–5 ppm
f NO2 with the slope of nearly 0.2 A/ppm and the conﬁdence level
f the ﬁt is greater than 99.5%.
The improved performance of the sensor is attributed to the
igher number of edges in GNP compared with that in a large
raphene sheet. The graphene edges are more reactive than the
entral parts of graphene; therefore, it is assumed that they are
lso the places where the analyte molecule attaches to graphene.forwards and blue symbols for backwards; lines are linear ﬁts. (For interpretation
of  the references to colour in this ﬁgure legend, the reader is referred to the web
version of the article.)
4. Conclusion
The CVD-graphene FET covered with the solid electrolyte and
the graphitic nanopowder ﬁlm as the working electrode was
employed as a gas-sensing device. The prepared device exhibited
response of 90% towards 2 ppm of NO2 in synthetic air, relative
humidity of 40% and at room temperature. The variation of the sat-
uration current with the concentration of the analysed gas showed
a linear dependence in the range 1–5 ppm and the slope of the cal-
ibration curve was  0.2 A/ppm. Sensor showed fast response time
of 40 s and recovery time less than one minute at ambient con-
ditions. Furthermore, the device exhibited long term stability and
can be operated even after more than one year with no signiﬁcant
change in its performance.
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